INTRODUCTION
Many cells are exposed to mechanical stimuli that play critical roles in different biological processes. For example, increased mechanical stimulation by exercise results in enhanced bone formation, whereas bone loss is observed in the absence of mechanical stimulation including immobilization, disuse and exposure to low gravity. In blood vessels, hydrostatic pressure or compression of endothelial cells induces an increase in intracellular calcium concentration which leads to vasodilation to regulate blood pressure. These mechanical stimuli are believed to be detected by mechanoreceptors, and elucidating molecular mechanisms of mechanoreceptor function is important to understand biological processes exposed to mechanical stress.
Mammalian jaws constantly receive mechanical forces from mastication, and also from tooth sharpening, predation, defence and grooming. The skull is a complex organ that develops from multiple bones that coordinate the intricate processes of development and growth of skull. It is known that mechanical stresses including force caused by jaw movement affect craniofacial morphogenesis during postnatal growth. For example, jaw movements influence the development of bony bridges in the sutures for suture closure (1 -4) . Abnormal mandible lateral shift has been shown to result in deformity of the temporomandibular joints (TMJs; 5). It is also known that reduced masticatory function induced by ingestion of a soft diet, tooth extraction or muscle resection during growth all affect not only the local bone morphology at areas of muscle insertion, but also the rotation of the upper viscero cranium, transverse width of the maxilla, morphology of mandible, anterior facial height and closure of facial suture (6 -13) . Mechanical forces including jaw movements thus play critical roles in controlling craniofacial morphogenesis during skull growth. Although jaw movements are regulated by coordination between muscle, teeth, tooth supportive tissue and TMJs, feedback of mechanical stresses from mechanoreceptors in each tissue is one of the most important factors in regulating jaw movements including strength of occlusal force. Dysfunction of mechanoreceptors is believed to induce many symptoms such as fracture of teeth, abnormal abrasion and TMJ disorders.
In the last decade, studies of the transient receptor potential (Trp) family of cationic channels that are permeable to calcium have extended our knowledge of the molecular basis of sensory perception including touch, taste and smell (14) . Polycystin-2 is encoded by Pkd2 (Trpp2), which belongs to the TRP family. Mutations in the PKD2 gene account for autosomal dominant polycystic kidney disease (ADPKD), which is characterized by the presence of renal and extrarenal cysts, cardiovascular abnormalities including hypertension and intracranial aneurysms. Pkd2 mutant mice also show cardiac defects and renal failure (15) . Polycystin-2 has six transmembrane domains that form a cation-selective channel permeable to calcium, two cytosolic extremities with two EF-hands, two coiled-coil domains and an endoplasmic reticulum retention signal in the C-terminus (16) . ADPKD is also known to result from the mutations in polycystin-1, which is encoded by PKD1 (TRPP1). Polycystin-1 has a large N-terminal extracellular domain, 11 transmembrane domains and a coiled-coil domain. Polycystin-2 has been shown to assemble with polycystin-1 via their intercellular Cterminal domains. Both molecules are believed to be present in virtually all mammalian cells (17) . The polycystin-1/ polycystin-2 complex is present at the plasma membrane of primary cilia in epithelial cells as well as in a number of other cellular compartments (16, (18) (19) (20) . The complexes in primary cilia are proposed to act as a mechanosensitive antenna that can sense fluid flow in the kidney and blood vessels. Fluid flow bends the primary cilia and opens stretchactivated ion channels, resulting in an increase Ca 2+ influx in blood vessels and kidney, which is believed to initiate a variety of biological processes (16, 21) . Blood flow-induced increase in intracellular calcium concentration is known to be followed by the endothelial release of nitric oxide, which leads to vasodilation (16) . Flow-induced increase in intracellular calcium concentration and release of nitric oxide are impaired in endothelial cells from Pkd2 mutant mice and have been proposed to be clinically relevant to the development of hypertension in patients with ADPKD (22) . Pkd2 has also been shown to play a critical role in sensing nodal flow for left -right determination (23, 24) .
In addition to the long understood roles of primary cilia in mechanosensing, a more recently identified role in cell signalling has been established. Primary cilia are required for Hedgehog and Pdgf signalling and possibly for other pathways including Wnt (25) (26) (27) . Mutations in a number of cilia protein genes have been shown to have major effects on craniofacial development, most of which can be interpreted as resulting from changes in Shh signalling activity (28, 29) . Mechanical stress is also known to be converted into cellular chemical activity including signalling pathways (referred as mechanotransduction), which are believed to play a critical role in craniofacial development.
In order to investigate the role of Pkd2 in craniofacial development and growth, we examined mice with a conditional Pkd2 deletion in neural crest-derived cells (Pkd2 fl/fl ;Wnt1Cre), since most of the craniofacial skeleton, teeth, tooth supportive tissue and TMJs are cranial neural crest cell-derived structures. We found that Pkd2 fl/fl ;Wnt1Cre mice have many signs of mechanical trauma in their heads, although none of these phenotypes could be detected in mutants at embryonic stages. Since facial anomalies have never been identified in ADPKD patients, we carried out an examination of patient facial characteristics that revealed specific facial features that correlated with those of the mutant mice. The results suggest that Pkd2 has a mechanosensory role in postnatal orofacial development/growth.
RESULTS

Pkd2 expression in developing heads
In order to elucidate the role of Pkd2 in craniofacial development and growth, we first examined Pkd2 expression in murine heads at various pre-and postnatal stages. Pkd2 was expressed ubiquitously in craniofacial development at embryonic stages (data not shown). Pkd2 started to exhibit a restricted expression pattern in several regions after birth (Supplementary Material, Fig. S1 ). Pkd2 was strongly expressed in the developing TMJs, glenoid fossa and gingival connective tissue and dermis at birth, although still weakly expressed in most other tissues (Fig. 1A) . Pkd2 expression was observed in the growing periodontal ligament tissues, periosteum of alveolar bone, some pulpal cells and gingival connective tissues, whereas it could not be detected in the gingival epithelium or muscle at postnatal day 15 (P15; Fig. 1B ). In the first molars, the crowns are almost fully developed and roots are forming at P15. Odontoblasts locating along crown dentin are defined as 'late odontoblasts' and these showed weak expression of Pkd2, whereas strong Pkd2 expression was observed in the preodontoblasts and odontoblasts ( Fig. 1B and C; 30) . Pkd2 was strongly expressed in the cervical loop and surrounding mesenchyme of incisors at P15 (Fig. 1D ). Fig. 2A) . The mutant vertebral column showed an increased cervical kyphosis, multiple fusions of the cervical vertebrae and an elongated processus spinosus of the first dorsal vertebra (Fig. 2) . No signs of vertebral anomalies could be observed in mutants at birth (Supplementary Material, Fig. S2 ).
Gross morphology of
Skull and facial phenotypes
Pkd2
fl/fl ;Wnt1Cre mice had an obvious anterior -posterior compression of the snout, and skulls were clearly dome-shaped compared with the wild-type age-matched controls (Fig. 3B, D , F and H). Mutant faces were elongated along the rostocaudal axis (Fig. 3F) . Pkd2 fl/fl ;Wnt1Cre mice also showed lateral shift of the snout and mandible ( Fig. 3D and J) .
In order to try to explain the abnormal shape of the skull in mutants, we examined the patency of the sutures in the face and the skull vaults as well as the patency of the cranial base synchondroses. The vault sutures were similar to age-matched wild-type controls (data not shown) but abnormal fusion of front-maxillary and fronto-nasal sutures were observed in mutant mice (Fig. 3L) . In addition to the facial sutures, the skull base sychondroses were also abnormal in mutants. The intra-sphenoidal synchondroses (between the pre-and postsphenoids) were fused, whereas the spheno-occipital synchondrosis was normal in Pkd2 fl/fl ;Wnt1Cre mice ( Fig. 3N and P). The cranial base and the vault were however almost normal in newborn mutants, although slight excess bone deposition could be detected along the sutures of the snout (Fig. 3R and T). Abnormal fusion in the face (front-maxillary and the frontonasal sutures) and skull base (intra-sphenoidal synchondrosis) can be associated with an abnormal position of the vomer and a deviation of the nasal septum. The cartilagous nasal septum was highly distorted and S-shaped in adult mutants ( Fig. 3V and X). The position of the vomer and the shape of the septum were normal in mutants at E18.5 (Fig. 3Y) . The normal newborn cranial base, the vault and septum suggested that the anomalies develop after birth. These facial phenotypes were observed as fully penetrant, although the severity was variable between individual Pkd2 fl/fl ;Wnt1Cre mice examined.
Tooth roots phenotypes
Jaw movements, including mastication, produce frequent and strong mechanical stresses in head growth that are perceived by teeth and cushioned by the periodontal ligament. Adult mutant molars exhibited fractures at the middle portion of their roots in the coronal -apical axis, whereas mutant molar crowns showed no significant morphological abnormalities ( ). Dilacerations were also observed in mutant tooth roots (Fig. 4G ). The fracture zone was filled with a fibrous tissue in continuity with the periodontal ligament, confirming that the dilacerations were not an artefact of tissue preparation (Fig. 4H ). Micro-CT analysis showed no significant decrease of dentin mineralization (data not shown). A lack of dental caries or thinned dentin in mutant teeth eliminated the possibility that the fractures are caused by abnormal dentin and/or enamel. In addition to molar tooth roots, severe alveolar bone loss was evident around mutant molars and the distance between the cemento-enamel junction and the alveolar bone ridge was significantly increased (Fig. 4J , K and L). Some of the molars lost their crowns in Pkd2 fl/fl ;Wnt1Cre mice, whereas their apical roots remained embedded in the reduced alveolar bone (Fig. 4N ). This is probably caused by the combination of the loss of alveolar bone and root fractures. Although alveolar bone loss is one of the typical symptoms of periodontitis, one key factor of this disease, namely significant infusion of inflammatory cells, could not be found in mutant gingival tissue around the reduced alveolar bone (Fig. 4P ). These suggest that mutant alveolar bone loss was not caused by periodontitis. Loss of cementum and root resorption were also found in mutant molar roots, which are not typical features of periodontitis (Fig. 4R ). Periodontal ligament tissue suspends the tooth in the socket of alveolar bone and provides a cushion against occlusal force. Excessive occlusal force is known to increase the width of the periodontal ligament tissue. We therefore visualized the periodontal ligament tissue by in situ hybridization for periostin, a secreted protein preferentially expressed in periodontal ligament and periosteum. The width of the periostin-positive cell layers ;Wnt1Cre mice. To confirm this hypothesis, we examined mutant incisors. Rodent incisors grow continuously in life and shear between upper and lower incisors to maintain suitable length. Both upper and lower mutant incisors were distorted or twisted and all showed horizontal grooves ( Fig. 4V and X). It is known that horizontal grooved incisors are observed in mice with mutations of periostin and are rescued by reducing occlusal force using soft foods in periostin mutants (31) .
Abnormal TMJs
TMJs are highly susceptible to occlusal forces particularly during mastication. The TMJ is a synovial joint that consists of the glenoid fossa of the temporal bone, the mandibular condyle and the articular disc. Fibrous cartilage forms on the articular facets of both the glenoid fossa and the condyle whose heads consist of a hypertrophic zone, flattened chondrocyte zone and polymorphic zone (32) . All these TMJ structures were retained, but compressed in Pkd2 fl/fl ;Wnt1Cre mice (Fig. 5B, D , F, H and J). Similar TMJ abnormalities are observed as symptoms of rheumatoid arthritis, but since no infusion of inflammatory cells was observed, it is unlikely that the mutant TMJ abnormalities are caused by rheumatoid arthritis. No obvious anomalies could be detected in mutant TMJs at E18.5, suggesting that the compression was a secondary postnatal anomaly, probably caused by excess occlusal force (Fig. 5L ).
Brain abnormalities
Cerebral aneurysms develop in 10-20% of patients with ADPKD and Pkd2 is known to be expressed in endothelial cells (33) (34) (35) . It has been shown that cranial neural crest provides pericytes and smooth muscle cells to all blood vessels of the face and forebrain in avians (36) . We therefore examined mutant brains to determine whether cerebral aneurysms were present in common with human patients. Pkd2 fl/fl ;Wnt1Cre mice showed a slightly abnormal outline of the brain due to the dome-shaped skull, whereas brain tissue, brainstem and cervical spinal cord were normal (data not shown). Several aneurysms were found in mutant brains, and the lateral ventricles and the third ventricle were enlarged in comparison with those in wild-types (Fig. 6B -E) . The presence of LacZpositive cells in R26R;Wnt1Cre mice confirmed the contribution of neural crest cells in the formation of choroids plexi which link to ventricle formation ( Fig. 6F and G) . No (Fig. 6I) . No obvious brain abnormalities could be detected in mutants at embryonic stages (data not shown).
Abnormal tooth pulp cavities and proximal ends of incisors
Reparative dentin is characterized by a mineralized bone-like structure, which is known to be formed in response to external stimuli such as bacterial metabolites and toxins in dental caries and transmission of coldness and/or hotness by thinned enamel and dentin. Deposition of bone-like structures were observed in the mutant molar pulp cavities, whereas dental caries or thin dentin/enamel could not be found in mutant molars (Fig. 7B) . Although we showed that some adult mutant molars exhibited fractures at the middle portion of their roots in the coronal -apical axis, connection between the bonelike structures and the root fractures could not be detected. Furthermore, bone-like structures were also observed in mutant incisors which never showed fractures (Fig. 7D) . These eliminate the possibility that bone-like structures are caused by external stimuli or root fractures. Micro-CT analysis confirmed the mineralization of these bone-like structures (Fig. 7F) . Some odontoblasts lost their typical columnar shape or their localization as a single layer along dentin in mutant pulp cavities in adults, which is known to be observed when reparative dentin is formed ( Fig. 7H; 37-39 ). Those phenotypes could not be detected in newborn mutants (Supplementary Material, Fig. S4 ). Although the molecular mechanisms of reparative dentine formation remain unclear, it is known that upregulation of Runx2 is involved in the formation of osteodentin-like structures that is accompanied by the downregulation of Dspp expression (37) (38) (39) . In order to determine whether the bone-like structures in Pkd2 mutant pulp cavities were linked to an abnormal differentiation of odontoblasts like that seen in reparative dentin formation, we performed in situ hybridization for Dspp and Runx2. Some odontoblasts lost Dspp expression corresponding to the regions with bone-like deposits in Pkd2 fl/fl ;Wnt1Cre mice (Fig. 7J ). In addition, Runx2 was ectopically expressed in mutant odontoblasts adjacent to the bone-like tissue (Fig. 7L) . HistoneH4C expression was increased in mutant odontoblasts, suggesting increased pre-odontoblast cell proliferation ( Fig. 7N; 113 Fig. S4 ). Mutant pre-odontoblasts thus showed abnormal differentiation and proliferation without any obvious external stimuli. Mutants also showed vertical grooves in distal ends of incisors, which were caused by the lack of enamel or reduced enamel (Fig. 7P) . Rodent incisors grow continuously in life and the proximal end of incisors have niches of stem cells to provide sources of replacement cells. Bulb-shaped abnormal hard tissue depositions were observed at the proximal ends of mutant upper incisors (Fig. 7R) . Histological analysis showed that these hard tissue deposits consisted of both dentin-like and bone-like structures, not usually found in wild-type murine incisors ( Fig. 7T and U; Supplementary Material, Fig. S5 ).
Face in ADPKD patients
Pkd2 clearly have essential roles in craniofacial development in mice but patients with ADPKD are generally not considered to have any craniofacial abnormalities. We therefore used three-dimensional (3D) photography combined with dense surface modelling to determine whether faces of ADPKD patients showed any characteristic distinguishing facial features that might be associated with PKD mutations (40, 41) . Nineteen ADPKD patients were analysed in this study (male 8; female 11; age 47.62 + 15.59). None of the patients had chronic renal failure necessitating dialysis and none had benefited from a renal graft or were taking immunosuppressive therapy. None of the patients had a history of facial surgery. Dense surface shape analysis showed individuals with ADPKD to have vertical lengthening of the face, predominantly in the upper third (Fig. 8A) , and mild mid-facial hypoplasia (Fig. 8B) . Linear measures derived from 3D facial landmarks showed individuals with ADPKD to have a moderate lengthening of the nose confirmed by an increase in the ratio of nasion-pronasale:nasion-subnasale (P ¼ 0.0265). Additionally, a dense surface model of face surfaces and their reflections was used to calculate overall facial asymmetry as the square root of the sum of squares of differences between corresponding PC values in the model. This simple measure of overall facial asymmetry was significantly increased in ADPKD patients ( Fig. 8C, P , 0.001) .
DISCUSSION
Pkd2 as mechanoreceptor
Although jaw movements are induced by muscles controlled by the central nervous system, feedback of the mechanical stresses from periodontal tissues, muscle spindles, skin and mucosa plays a critical role in regulating the jaw movement and the strength of occlusal force. Mechanical sensation can evoke the excitation or inhibition of various oral reflexes to facilitate mastication by the controlling activity of jaw-closing muscles. Inhibitory reflexes are usually the predominant response to avoid the excess forces that would destroy tissues. Mechanoreceptors in periodontal ligament are thought to provide a substantial part of the information of mechanical sensation. TMJs are also believed to contain mechanosensors to control mastication (42) . Pkd2 is found to be strongly expressed in periodontal ligament tissues and TMJs.
The loss of Pkd2 in neural crest-derived tissues resulted in expanded periodontal ligament tissues, alveolar bone loss, fractures of tooth roots, grooved incisors and compressed TMJs, which are all typical symptoms of traumatic force. Mutants also showed morphological skull abnormalities such as a dome-shaped skull, which is known to be induced by abnormal mechanical force (6 -13) . Most of these phenotypes could not be detected in mutant embryos that do not perceive any obvious force in utero. These results suggest that Pkd2 fl/fl ; Wnt1Cre mice probably suffer from abnormal traumatic occlusal force. In addition to kidneys and blood vessels, polycystin-2 in primary cilia has also been shown to function as mechanoreceptor in bone. The back-and-forth movement of extracellular fluid in the bone microenvironment during exercise bends, deforms or stretches primary cilia of osteocytes (19) . We found the presence of primary cilia in periodontal ligament tissue and TMJs (Supplementary Material, Fig. S6 ; data not shown). Periodontal ligament and TMJs are subject to the majority of occlusal forces and part of their response is the induction of interstitial fluid flow through the pericellular spaces, which changes the shape of primary cilia. It is possible that the bending of primary cilia in periodontal ligament and TMJ cells is an important event that feedbacks mechanical stresses to the central nervous system to control further occlusal force. Disruption of mechanosensors may induce traumatic forces, as seen in Pkd2 fl/fl ;Wnt1Cre mice. It is known that intracellular calcium concentration is elevated in periodontal ligament cells when they receive hydraulic pressures (43) . When the polycystin protein complex is activated by physiological stimuli, a conformational change in the complex can initiate G-protein signalling, which is known to play critical roles in many biological processes including neurotransmission (21) . Pkd2 thus plays a critical role in mechanosensoring in periodontal ligament tissues and TMJs to control occlusal force. Although polycystin-2 is believed to function alone in several tissues, the polycystin-1/polycystin-2 complex in primary cilia is believed to act as a mechanoreceptor in kidneys and blood vessels (44) . The large extracellular domain of polycystin-1 serves as an extracellular sensor for mechanical force such as urine flow, and subsequent conformational changes in the polycystin complex activate the polycystin-2 channel, resulting in Ca 2+ entry (21) . Micropipette-induced bending of the primary cilium in kidney cells increases intracellular calcium level, and blocking antibodies against polycystin-2 abolish the flow response (16, 45, 46) . Pkd1 null vascular endothelial cells are unable to transduce extracellular shear stress into an increase of intracellular Ca 2+ (21) . These results suggest that the loss of either polycystin-2 or polycystin-1 results in the failure of response to mechanostress in kidneys and blood vessels (44) . On the other hand, it has recently been shown that polycystin-2 inhibits mechanosensitivity, whereas polycystin-1 reverses this inhibition in vascular smooth muscle cells (47) . It is believed that the ratio of polycystin-1 to polycyctin-2 regulates the activity of stretch-activated ion channels in arterial myocytes. The mechanisms of mechanosenstivity by polycystin-1 and polycystin-2 thus depends on the type of cell. Mice with conditional deletion of Pkd1 in neural crest-derived cells (Pkd1 fl/fl ;Wnt1Cre) showed shortened snout, premature suture fusions, malocclusion, dome-shaped skull vault and curved spine; identical phenotypes to those seen in Pkd2 fl/fl ;Wnt1Cre mice (48, 49) . In addition to abnormal skull shapes, Pkd1 fl/fl ;Wnt1Cre also show impaired anabolic response to a load by orthodontic treatment (50) . We found that Pkd1 expression overlapped with Pkd2 in many regions of growing heads, including periodontal tissues (Supplementary Material, Fig. S7 ). It is possible that polycystin-1 in periodontal ligament or TMJ cells perceives the fluid flow caused by occlusion, and subsequent conformational changes in the polycystin complex activate polycystin-2, which is essential for controlling occlusal force during craniofacial postnatal growth.
Pkd2 in mechanotransduction
In addition to tooth root fractures and skull skeletal anomalies, Pkd2 fl/fl ;Wnt1Cre mice showed calcified tissue deposition in pulp, hydrocephalus and cyst formation in the brain, and fusion of cervical vertebrae. These anomalies did not occur as the result of mechanical trauma, since these regions are not affected by excess occlusal force. Cyst formation is one of the common phenotype in ciliary protein mutants, which is believed to be caused by abnormal cell polarity due to aberrant mechanosensoring and mechanotransduction (21) . Choroid plexi are specialized structures that are involved in the production of most of the cerebrospinal fluid, and the primary cilia of these cells sense fluid flow in ventricles (51) . The mutation of several cilia-related genes, including Pkd1, leads to hydrocephalus (52, 53) . Dysfunction of primary cilia as mechanosensor is thus likely to lead to aberrant mechanotransduction, which results in morphological changes. Although the dental pulp is isolated from the external environment by the presence of dentin and enamel, it is believed that there is blood flow in the dental pulp, since the dental pulp is known to be a bloodrich tissue. Primary cilia are present in the dental pulp, which probably sense blood flow (Supplementary Material, Fig. S6 ; 54). In common with the choroid plexus, it is possible that osteodentin formation is caused by abnormal mechanosensing/ mechanotransduction of blood flow in Pkd2 mutants. Odontoblasts are tall columnar cells with a polarized distribution of their cytoplasmic organelles, and reparative dentin (osteodentin) is known to be formed by odontoblasts that lose their polarity (37 -39) . Cells surrounding the bone-like structure in the Pkd2 mutant dental pulp show no columnar shape. Since primary cilia are known to regulate cell polarity in many organs including the inner ear, it is also possible that the dysfunction of the primary cilia by Pkd2 mutation leads to the loss of the polarity of odontoblasts, subsequent mis-orientation of matrix deposition and/or aberrant cell growth, which results in bone-like structure formation (54) (55) (56) . On the other hand, bone-like structure in dental pulps has been shown by overexpression/ mutation of non-ciliary genes such as Runx2 and Lrp4 (38, 57) . Runx2 is known to be altered in reparative dentin formation and Pkd1 has been shown to regulate osteoblast differentiation through the involvement of Runx2 (19, (37) (38) (39) 58) . It is also conceivable that Pkd2 directly regulates odontoblast differentiation, and Pkd2 mutation leads to aberrant differentiation of dental pulp cells which results in abnormal bone-like structure formation. Similar aberrant molecular mechanisms may occur to osteochondroprogenitor cells, which induce bone formation in mutant suture. Pkd2 mutations thus lead to not only abnormal feedback of mechanostress to control further force but also aberrant regulation of cell function including differentiation.
Pkd2 fl/fl ;Wnt1Cre mice also show expansion of periodontal ligament tissue, which may be caused by excess occlusal force. Bone and periodontal ligament tissue are known to be regulated by mechanostress, which affects the balance between bone formation and bone resorption. Loading in vivo and ex vivo skull models has shown to result in abnormal closure of sutures, indicating that the balance between bone formation and bone resorption in sutures is altered by abnormal mechanical force (12) . It is also a possibility that extraordinary mechanical force leads to unbalance between bone formation and bone resorption, which results in premature fusion or expansion of periodontal ligament. Since Pkd1 is known to regulate osteoblast differentiation, we cannot exclude the possibility that Pkd2 regulates this balance by controlling osteoblast and/or osteoclast activity (58, 59) . Pkd2 mutation thus leads to both increase (in suture) and decrease (in periodontal tissue) bone formation in distinct tissues, indicative of complex relationship between mechanosensation and growth in different tissues.
In Pkd2 fl/fl ;Wnt1Cre mice, premature fusion did not occur in all cranial sutures. Distinct temporo-spatial gene expression and different timing of development have been shown in each cranial suture, suggesting that each suture is under some aspect of different molecular controls (60, 61) . This is best illustrated by the different sutures affected in craniosynostosis caused by mutations in different genes (60, 61) . In these examples, as with Pkd2, the links between specific mutations and affected sutures are not fully understood but may reflect differences in developmental timing and/or suture-specific molecular programmes.
Our results suggest that Pkd2 mutations are thus responsible not only for kidney disease but also for craniofacial anomalies in mice and characteristic human features. More than 400 mutations in the PKD1 gene and more than 100 in the PKD2 gene have been identified in ADPKD. Among ADPKD families, 64-85% of families have PKD1 mutations and 15-36% have PKD2 (16, 62) . Most patients (87%) have single base-pair mutations and only 4% have larger deletions or duplications. There are no reported data suggesting that ADPKD patients have dental and TMJ abnormalities. Although all cells in an ADPKD kidney inherit the same germinal mutation, it is known that only 1-5% of nephrons develop focal cysts (63) . It has been shown that inactivation of the non-mutated PKD allele is necessary to trigger this cystogenesis, since somatic mutations of PKD1 are found in the cells of kidney cysts in ADPKD patients (64, 65) . The PKD gene is thus recessive at the cellular level, although it is inherited in a dominant fashion. The conditional null Pkd2 mouse mutant studied here highlights dental/TMJ phenotypes not described in ADPKD patients, presumably since the relevant cells are heterozygous for the mutant in patients. In addition, it is also possible that the different facial phenotypes between mutant mice and patients are caused by the different anatomy of human face from those of mice, notably the presence of maxillary sinuses in humans. These different structures might modify the distribution of constraints in the face and could be part of the reason why the distribution of mechanical-related anomalies is different between humans and mouse mutants (66) . Nevertheless, we found shift of snout in patients, which is consistent with the fact that the snout is a susceptible region for mechanical stress during growth (12) .
In summary, we have identified a novel function of PKD2 gene for the normal development of craniofacial structures and a potential candidate mechanosensor in the TMJ and periodontal ligament.
MATERIALS AND METHODS
Production of mice
Pkd2 floxed were bred as described by Spirli et al. (67) . R26R and Wnt1Cre mice were produced as described by Soriano (68) (70) .
Mutant mice and wild-type mice heads from E10 to newborn were fixed in 4% paraformaldehyde, wax-embedded and serially sectioned at 7 mm. Sections were split over 5 -10 slides and prepared for histology or radioactive in situ hybridization. Decalcification using 0.5 M EDTA (pH 7.6) was performed after fixation of newborn and adult mice.
In situ hybridization
Radioactive section in situ hybridization using 35 S-UTP radiolabeled riboprobes was carried out (71) . Gene expression was quantified as described by Miletich et al. (72) .
Micro-CT analysis
Heads of Pkd2 fl/fl ;Wnt1Cre and wild-type mice were scanned with an Explore Locus SP (GE Pre-clinical Imaging) highresolution micro-CT with a voxel dimension of 8 mm. 3D reconstruction was performed using Microview (GE Pre-clinical Imaging) and Mimics (Materialise).
Immunohistochemstry
After deparaffinization of sections, sections were treated by proteinase K and then incubated with an antibody to acetylated a-tubulin (Sigma). As a negative control, normal rabbit serum or normal goat serum were used instead of a primary antibody. Alexa488 was used (Molecular Probes) for detecting the primary antibody.
ADPKD patients' face analysis
Faces of ADPKD patients were quantified using 3D face surface images captured with stereo photogrammetric devices, carried out as described (40, 41) . Subjects were recruited as described previously (73, 74) . The control population was built from the data sets stored in the Hammond laboratory. Ethical approval was obtained from the East London Research Ethics Committee 3 (reference 10/H0701/ 98), and written consent was received from all patients.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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